Abstract: Phytoremediation is an important strategy adapted by plants to sequester and/or detoxify pollutants. Phytochelatins, a family of cysteine-rich thiol-reactive peptides, bind to various heavy metals and metalloids making them good candidates for phytoremediation. Phytochelatin synthase catalyses the final step in the biosynthesis of phytochelatins and can be used as a strategy to improve tolerance against heavy metals. In the present study, an AtPCS gene was overexpressed in rice following the in planta transformation approach. Stringent screening strategies were standardized to select putative transformants under a Cd stress of 125 µM at both seedling and plant levels. Molecular analysis by PCR in 18 tolerant plants confirmed the transgene integration and absence of Agrobacterium. Genomic Southern analysis further confirmed the integration of the T-DNA as a single copy. The stability of the T-DNA in the progeny of 5 selected T1 generation plants was confirmed by tolerance assay, molecular characterization and biochemical analysis for the reduced glutathione, phytochelatin content and lipid peroxidation. This strategy is discussed as a potential mechanism to enhance the tolerance of rice plants to Cd stress.
Introduction
Pollution of agricultural land by heavy metals imposes a serious risk to environmental and human health. In recent years, heavy-metal pollution of the soil has been causing ever greater problems, exacerbated by the fact that the heavy metals accumulated in plants may, either directly or indirectly, find their way into animals and human beings. One such heavy metal -cadmium -is a non-essential trace element for plants, and has strong toxicity at low concentrations. Effects of Cd stress on plant growth and development were reported in several studies (Mohan & Hosetti 1997; Hegedüs et al. 2001; Prasad et al. 2001; Shah et al. 2001) .
Cadmium toxicity has been extensively studied in various food crops including rice (Ge et al. 2009 ). Cadmium accumulation and distribution in different organs or cell organelles has also been extensively studied (He et al. 2008) . Its adverse effects on plant growth, inhibition of oxidative mitochondrial phosphorylation, induction of oxidative stress and generation of lipid peroxidation have been reported (Shah et al. 2001; Panda 2007) . These effects include the inhibition of activities of several antioxidative enzymes (ferrous reductase affecting photosynthesis), damage to the photosynthesis apparatus, as well as chlorophyll metabolism in rice leaves (Pagliano et al. 2006 ) and other effects, such as alteration of chromatin and the change of plasma membrane ATPase activity. In addition, Cd also affects the uptake, transport and use of essential elements in plants (Liu et al. 2003) . To avoid the heavy-metal toxicity, plants resort to diverse defence mechanisms, involving the induction of antioxidant system (Zhang & Ge 2008) , enhancement of sulphydryl groups, formation of electrondense vacuolar inclusions (Rascio et al. 2008 ) and production of phytochelatins (PCs) (Kumar et al. 2003) . PCs play a central role in homeostatic control of metal ions in plants. PC synthesis in plants uses reduced glutathione (GSH) as a substrate and is catalyzed by a γ-glutamyl cysteinyl dipeptidyl transpeptidase (Vatamaniuk et al. 2000) , called phytochelatin synthase (PCS) (EC 2.3.2.15) . PCs are necessary for Cd tolerance in plants and all the mutants lack the ability to synthesize those peptides and are Cd-hypersensitive (Howden et al. 1995) .
There are strong evidences that bridge connection between the synthesis of PCs and Cd resistance in plants (Howden et al. 1995; Cobbett et al. 1998 ).
Genetic engineering can enhance the natural abilities of plants to uptake, accumulate and detoxify toxicants by overexpressing critical enzymes that limit their abilities (Cobbett & Meagher 2002) . Transgenic Arabidopsis plants overexpressing AtPCS1 exhibited Cd hypersensitivity (Li et al. 2004) , while transgenic tobacco plants expressing wheat TaPCS1 showed a slight increase in Cd tolerance (Gisbert et al. 2003) . Transgenic plants with increased tolerance for accumulation of heavy metals and metalloids from soil by expressing an Arabidopsis thaliana AtPCS1 gene, encoding PCS, in Indian mustard (Brassica juncea L.) was developed (Gasic & Korban 2007) . The effects of overexpression of AtPCS1 and CePCS in tobacco (Nicotiana tabacum var. Xanthi) , was compared and demonstrated that the introduction of single homologous genes affected the cellular metabolic pathways to a different extent (Wojas et al. 2008) . In our earlier work we reported that rice genotypes exhibited variation in Cd tolerance based on the capacity to synthesize the metal-chelating peptide PCS, degree of oxidative stress and capacity to regulate production of GSH, the key antioxidant in heavy metal and oxidative stress. Rice cv. Azucena showed higher increase in PC accumulation and lesser reduction in GSH (Saumya et al. 2009 ).
In this direction, the goal of our research was to develop transgenic plants in rice cv. Azucena with increase tolerance to Cd by overexpressing the PCS gene. The focus of the present study is to develop and analyze rice transformants overexpressing PCS gene by following the in planta transformation protocol (Manoj Kumar et al. 2009 ).
Material and methods

Vector
The AtPCS gene was obtained from Dr. Richard Meagher (University of Georgia). Agrobacterium tumefaciens strain EHA 105 pCAMBIA-1302 harbouring PCS gene was used for transformation. The vector has hpt II as the selectable marker.
Plant material
Rice (Oryza sativa) genotype Azucena that showed higher increase in PC accumulation and lesser reduction in GSH was used for transformation. The seeds were soaked overnight and surface sterilized with 1% bavistin followed by 0.1% HgCl2 for 10 min. After sterilization, the seeds were washed thoroughly and placed for germination in Petri plates at 30
• C. Two-day old seedlings were taken as explants for Agrobacterium infection.
Transformation and development of transformants
Transformation of rice and generation of the primary transformants was accomplished using the tissue-culture independent in planta transformation protocol (Manoj Kumar et al. 2009 ). The Agrobacterium strain EHA 105 was grown overnight at 28
• C in Luria-Bertani medium (pH 7.0) containing 50 µg/mL kanamycin. The bacterial culture was later resuspended in 100 mL of Winans' AB medium, pH 5.2 (Winans et al. 1988 ) and incubated for 18 h. For the vir gene induction treatments, wounded tobacco leaf extract (2 g in 2 mL sterile water) was added separately to theAgrobacterium suspension in Winan's AB medium, 5 h before infection (Cheng et al. 1996) . Two-day old seedlings were infected by pricking at the meristem with a sterile needle and subsequent immersion in the Agrobacterium suspension for 1 h. The seedlings were then washed briefly with sterile water and transferred onto autoclaved soilrite (vermiculite equivalent) moistened with water for germination under aseptic conditions in the growth room in wide mouth capped glass jars of 300 mL capacity, 5 seedlings per jar. After 5-6 days, the seedlings were transferred to soilrite in small plastic pots and were allowed to grow under growth room conditions for 10 days before they were transferred to the greenhouse. The growth chamber was maintained at 26-28
• C under a 14 h photoperiod with a florescent light intensity of 35 µmol m −2 s −1 .
Seed germination assay for Cd tolerance Standardization of a screening protocol for selection of putative transformants. The wild type (WT) seeds were surfacesterilized and soaked overnight. After 24 h, germinated seedlings were transferred to Petri plates with 0.6% agar media containing CdCl2 at three different concentrations of 75, 100 and 125 µM. One set of seedlings was maintained as absolute control without the stress inducer (CdCl2). Triplicates were maintained in all the treatments. Stress was continued for 9 days and then seeds were transferred to water for 4 days for recovery. After recovery, root and shoot lengths of seedlings were measured. The appropriate and effective CdCl2 concentration was selected for analysis of the transformants.
Leaf senescence assay A simple and rapid bioassay based on senescence in the detached leaf was performed. Initially, the effective Cd concentration was standardized with WT. In this direction, healthy and fully expanded 3 rd leaves (60-day old) were washed in deionized water. Leaf discs of 1 cm bits (5 No.) were finely cut from the upper half of the leaf and floated on a 20 mL solution of CdCl2 (75, 100 and 125 µM, 72 h); sterile distilled water served as experimental control (Fan et al. 1997; Verma et al. 2007 ). The effect of Cd stress treatment on leaf segments was assessed by scoring for chlorosis. Triplicate readings were taken from all the treatments. As above, the appropriate and effective CdCl2 concentration was selected for analysis of the transformants.
Estimation of chlorophyll content
The chlorophyll content was quantified in the leaf discs following leaf senescence assay. Chlorophyll extracted from 100 mg of leaf tissue in acetone : dimethyl sulphoxide (1:1) mix was centrifuged and the supernatant was made up to a known volume (triplicate was maintained). The absorbance was recorded at 663, 665 and 645 nm using a UV-VIS spectrophotometer (UV 2450; Shimadzu) to estimate chlorophyll-a, chlorophyll-b and total chlorophyll content, respectively (Hiscox & Israelstam 1979) and represented as bar graphs.
Biochemical analysis
The T2 generation seedlings selected on 125 µM CdCl2 were progressed further in pots in green house along with the WT (both treated and untreated with 125 µM CdCl2). The transgenic plants grew normally when compared to the treated wild type, where the growth was stunted. For biochemical assay, the leaf samples of 60-day old plants were collected and used for the estimation of total acid soluble non-protein sulfhydryl (SH) compounds, GSH, PC content and extent of lipid peroxidation.
Estimation of GSH Extraction: Leaf samples (100 mg of fresh weight, FW) were extracted in 2 mL of 5% (w/v) sulphosalicylic acid + 6.3 mM diethylene triamine pentaacetate in pestle and mortar. The homogenate was centrifuged at 10,000 rpm at 4
• C and the supernatant was used for the estimation of PCs.
GSH was measured according to the method of Gupta & Goldsbrough (1991) . To 200 µL of the extract, 800 µL distilled water and 2 mL sodium phosphate-EDTA buffer containing 0.6 M 5,5'-dithio-bis(2-nitrobenzoic acid) (DTNB) were added. Optical density of the yellow coloured complex developed by the reaction of GSH and DTNB (Ellman's reagent) was measured at 412 nm. The amount of GSH was determined from a standard curve (GSH standards -2, 4, 6, 8, 10 nmoles).
Estimation of total acid soluble non-protein SH compounds and PCs Extraction: Leaves (100 mg of FW) were extracted in 2 mL of 5% (w/v) trichloroacetic acid (TCA) with fine acidwashed sand. The homogenate was centrifuged at 10,000 rpm at 4
• C and the supernatant was used for the estimation of total acid soluble non-protein SH compounds from plant tissues of control and Cd-stressed WT and transgenics.
The level of total acid soluble non-protein SH compounds were measured spectrophotometrically using DTNB (Ellman 1959) . The assay contained 300 µL of supernatant + 630 µL 0.5 M K2HPO4 (pH 7.5) + 25 µL 10 mM DTNB (in 0.1 M K2HPO4, pH 7.5). The absorbance was read at 412 nm after 2 min using the blank as only DTNB. The level of PC content was calculated by subtracting the amount of GSH from the amount of total acid soluble non-protein SH compounds.
Estimation of lipid peroxidation
The level of lipid peroxidation from plant tissues of control and Cd-stressed WT and transgenics was determined as 2-thiobarbituric acid reactive substances (TBARS) mainly malondialdehyde (MDA), which is a secondary end product of polyunsaturated fatty acids and hence an index of lipid peroxidation (Hodges et al. 1999) .
Extraction: 100 mg leaf tissue was ground to a fine paste with 3 mL of ethanol : water (95:5 v/v and 0.1% butylated hydroxytoluene). Contents were centrifuged at 3,000 rpm for 10 min and supernatant was collected. One mL of supernatant was treated with 20% TCA along with 0.65% thiobarbituric acid (TBA) in a clean glass tube and mixed thoroughly. Another 1 mL of supernatant was treated only with 20% TCA and mixed thoroughly. The mixtures were heated at 95
• C for 30 min on a water bath, cooled immediately on ice and centrifuged at 3,000 rpm for 10 min. Absorbance at 532 nm was recorded for MDA. In addition, the absorbance at 440 nm (carbohydrates) and 600 nm (phenylpropanoid pigments) were also recorded to avoid overestimation of MDA.
MDA equivalents (nmole/100mg FW) = C × 3 MDA equivalents was expressed on FW basis.
Estimation of cadmium content
Raising of plant material and experimental design. The seeds of 5 transgenic lines along with the WT were raised in small thermocole cups (10 cm long and 5" diameter). In order to facilitate the easy entry of roots through the cups, ten small holes were made at the bottom of the cup. These cups were filled with soil mixture (soil : sand : FYM :: 50 : 40 : 10) and placed on the sandbed to facilitate easy entry of roots into the sand, and also to enable the removal of cups easily. Around 5-8 seeds were sown in each cup. At 10 days of sowing, thinning was done to maintain one seedling per cup. The seedlings were grown for a period of 20 days and the roots were allowed to grow into the sandbed. Later, they were taken out of the sandbed to free the emerged roots. The cups along with the hanging roots were transferred to the plastic trays containing quarter strength Hoagland's solution. The cups were placed such a way that the hanging roots were completely immersed in the solution. Replicates were maintained for each line. After the period of adaptation for a week, the trays were filled with fresh Hoagland's solution containing CdCl2 at three different concentrations of 50 µM, 75 µM and 125 µM CdCl2. The plants were harvested at 72 h after treatment. The fresh root samples were dried at 80
• C, ground separately and made into fine powder. Five mL of concentrated HNO3 was added to 0.25 g of powdered sample and incubated in a digestion hood overnight. The next day, 5 mL of di-acid mixture (HNO3 : H2O2 :: 10 : 4) was added to it and placed on a sand bath till all the white fumes evaporated and thick white residue was left out in flask. It was allowed to cool and volume was made up to 25 mL using triple distilled water. These diluted samples were used for Cd estimation using Inductively Coupled Plasma Optical Emission Spectrometry (iCAP-6000 Series, Thermo Scientific, UK), using the 1,000 ppm Cd, ICP-OES standard solution, suitable dilutions were made ranging from 0-10 ppm. These standards were loaded to ICP-OES as that of sample to get a standard curve and a standard graph was prepared. The samples were loaded to ICP-OES and Cd concentration was recorded in ppm using standard curve. Replication was maintained and their average was used for calculations. The cadmium content was expressed as µg/g dry weight DNA extraction For PCR and Southern blot analysis, genomic DNA was isolated from rice leaf tissues of 4-week-old transgenic and WT plants by cetyl trimethylammonium bromide method (Doyle & Doyle 1990 ).
Polymerase chain reaction PCR analysis was carried out in selected T1 generation transgenic plants to confirm the presence and co-integration of transgenes encodingPCS and hpt II. In order to amplify the PCS gene fragment, the thermal cycler (PCR system 2400, Perkin-Elmer) was programmed for initial denaturation at 94
• C for 4 min followed by 30 cycles of 1 min at 94
• C, 1 min 30 s at 65
• C and 1 min at 72
• C using gene specific forward (5'-CGGTTCCGCTAACTGAAGAACGG-3') and reverse (5'-CCAATGTCTGCCCTATGCAACGC-3') primers. To amplify hpt II fragment 5'-ACCATCGTCAAC CACTACATCG-3' and 5'-TCTTGAAGCCCTGTGCCTC-3' primers were used. To check whether the tissues were free of Agrobacterium, vir D-specific primers 5'-TTTAAGGTCG TGAGTGCCCGTCTG-3' and 5'-GGCACCTTTCAATAG CGAGCAACC-3' were used. PCR was initiated by a hot start at 94 
Southern analysis
Fifteen µg of purified genomic DNA of transgenics and WT plant was digested overnight withHindIII (4 units/µg DNA) in appropriate buffer at 37
• C overnight. The digested DNA samples were electrophoresed on a 0.8% agarose gel in TAE buffer and blotted on to a positively charged nylon membrane. A 500 bp amplified product of hpt II gene was labelled by random priming using α− 32 P-dCTP (Fermentas Inc., USA). Hybridization and washing was carried according to Sambrook & Russel (2001) . Membrane was exposed on FUJI Image Plate overnight and the image plate was read using phosphorus imager (FUJI FILM FLA-5100, Fuji Photo Film Co., Ltd., Tokyo, Japan).
Results
Development of transformants in rice with PCS gene
Rice plants overexpressing PCS was developed by in planta transformation protocol. Nearly 100 seeds of japonica variety (Azucena) were used for the transformation of PCS gene, with the success in survival of only 14 plants. The plants established in the greenhouse grew normally and set seeds. The plants were analysed in the T 1 generation for transgene integration.
Standardization of screening strategies for the selection of putative transformants for Cd tolerance The in planta transformation procedure gives rise to a large number of T 1 seeds. A high throughput screening protocol is required to screen the enormous number of plants and to select high expressing lines. Therefore, a stringent screening for Cd tolerance was standardized for T 1 generation plants at seedling and plant levels. (a) Seedling level screening Uniform sized WT seeds were germinated and transferred to Petri plates containing 0.6% agar with various concentrations of CdCl 2 (75, 100 and 125 µM). Plain agar was used as control ( Fig. 1a-d) . After 9 days, the seedlings were shifted to water for recovery (4 days). A significant reduction in the root and shoot lengths was observed compared to the wild type control (WTC). The reduction in the lengths was gradually high as the concentration of the Cd increased (Fig. 1e) . As a high throughput stringent screening, 125 µM CdCl 2 was used as the screening concentration for the selection of putative transformants.
(b) Plant level screening -leaf senescence bioassay After the preliminary seedling level screening, a rigorous Cd screening test at plant level was standardized in the WT plants. Leaf discs from WT (50 mg/treatment) were floated for 72 h on different concentrations (75, 100 and 125 µM) of CdCl 2 and distilled water served as control. At the end of 72 h, a severe chlorosis was noticed in wild type treated (WTT) leaf discs at 125 µM CdCl 2 followed by 100 and 75 µM (Fig. 2a-d) . Chlorophyll estimation in the treated leaf discs showed reduction in chlorophyll content with increase in Cd concentration (Fig. 2e) . Based on the standardization, 125 µM CdCl 2 was selected as a stringent screening concentration.
Analysis of T 1 generation plants for transgene integration and efficacy (a) Seedling level
Approximately 1,000 seeds of primary transformants were selected for screening. To compare the Cd tolerance of putative transformants, the seedlings were evaluated at the seedling level based on root and shoot lengths under Cd stress. In control (agar medium without CdCl 2 ), there was no visible and significant difference in the root and shoot lengths between PCS seedlings and WT seedlings (Fig. 3a) . On the other hand, the PCS seedlings could tolerate Cd better than WT when treated with 125 µM CdCl 2 . Some of the seedlings showed higher root and shoot lengths in transformants compared to WT (Fig. 3b) . There was significant variation in root and shoot lengths among the transformed lines in the presence of CdCl 2 (Fig. 3c) . Based on the root and shoot length, 192 plants were selected for further analysis.
(b) Plant level -leaf senescence bioassay The potential of PCS transgenic plants for tolerance towards CdCl 2 was performed by employing a rapid bioassay based on senescence of the detached leaves subjected to stress. Here, leaf discs of WT and 192 putative transgenic lines were floated on 125 µM CdCl 2 for 72 h. Sterile distilled water served as an experimental control. The extent of bleaching and chlorophyll loss was determined. Based on the degree of bleaching observed in the leaf discs after 72 h, the plants were classified into three categories, i.e. tolerant, moderately tolerant and susceptible (Fig. 4a) . Of 192 putative transformants, 61 lines were tolerant, 61 moderately tolerant and 70 susceptible. Based on repeated leaf senescence bioassay, 18 consistently tolerant plants were selected.
The overall results indicated that the leaf segments from transgenic lines stayed green in vitro even up to 125 µM CdCl 2 . The WTT showed extensive bleaching reflecting symptoms of injury due to stress, while the transgenic lines did not appear to be affected under similar conditions. The extent of bleaching was reduced in the tolerant transgenic plants after 72 h that were on par with the WTC (leaf disc floated on water) (Fig. 4a) .
Chlorophyll estimation
Estimation of chlorophyll (index for measuring stress- induced injury) in leaf discs of the senescence assay indicated that under high CdCl 2 conditions, the transgenic lines could retain high chlorophyll as compared to experimental control. There was a significant reduction in the chlorophyll-a, chlorophyll-b and total chlorophyll at 125 µM CdCl 2 in WTT. The chlorophyll content in the putative transformants varied, with the tolerant plants showing higher chlorophyll stability (Fig. 4b) . The observations demonstrated a positive relationship between the overexpression of PCS and Cd stress tolerance in leaf tissues.
Molecular analysis for the presence and integration of the transgenes PCR analysis. Out of 192 lines, 18 lines were selected based on the stringent screening analysis at the seedling and plant level and further analysed for integration of PCS and hpt II genes. All the 18 transgenic plants showed amplification of a 500 bp hpt II gene fragment (Fig. 5a) . DNA from some of the promising transgenics also amplified the PCS gene confirming co-integration of the transgenes (Fig. 5b) . To check whether the tissues were free of Agrobacterium, vir D-specific primers were used. Absence of the expected amplicon in the genomic DNA of the putative transformants proved that the amplification in the genomic DNA was because of the integration of the transgene and not due to the persisting Agrobacterium (Fig. 5c) . The transgenic nature was further confirmed by genomic Southern analysis.
Genomic Southern analysis. The PCR positive plants were analysed by Southern analysis for the integration and copy number of the transgene. Approximately 15 µg of genomic DNA was digested with Hind III that cuts once in the T-DNA and probed with hpt II fragment (500 bp). Three plants showing high tolerance against CdCl 2 and that were PCR-positive were selected for Southern analysis. The hybridization pattern revealed the single copy integration of the transgene in the genome of the three independent transformants (Fig. 5d) .
Based on the analysis in the T 1 generation for effectiveness against Cd toxicity and integration, 5 plants were advanced further.
Analysis of T 2 generation plants for the stability of the transgenes Tolerance to CdCl 2 . Seeds of the selected T 1 lines were analysed in the T 2 generation for the stability of the transgenes.
(a) Seedling level. Seeds (10 No.) from each of the 5 lines were checked for tolerance to125 µM CdCl 2 . For this, germinated seeds from the selected lines including WT were transferred to agar medium supplemented with 125 µM CdCl 2 to compare root and shoot lengths; in parallel, a non-treated WTC was maintained. The WTC seedlings grew well without any hindrance in the root and shoot growth, whereas the root and shoot growth of WTT was retarded. On the other hand, trans- genic lines after CdCl 2 treatment thrived better than the WTT, showing good root and shoot growth almost similar to that of WTC. The root and shoot lengths among the transgenics were on par with each other (Fig. 6a,b) indicating the stability of the T-DNA.
(b) Plant level -leaf senescence bioassay. As in T 1 generation, the progeny of the selected T 2 generation plants showed tolerance to CdCl 2 in the leaf senescence bioassay. The extent of visible chlorophyll loss was higher in WTT compared to transgenics and WTC (Fig. 6c) . Total chlorophyll, chlorophyll-a and chlorophyll-b contents were high in transgenic lines compared to the treated control, thus showing that PCS overexpressing transgenics were better than the WT (Fig. 6d) . The growth of WT plants was severely affected under CdCl 2 stress conditions as evidenced by their stalled growth and ultimate death. On the other hand, the transformants grew, flowered, and produced normal viable seeds as WTC plants.
Biochemical analysis of the levels of SH, GSH, PC and lipid peroxidation The SH compounds (non-protein thiols), GSH and PC content in the leaves of transgenic lines (T 2 generation) overexpressing PCS for Cd (125 µM) tolerance were analysed. The results indicated that the SH compounds and PC content markedly increased in stressed plants when compared to WTC. The increase was higher in transgenics than the WTT. One of the transgenics (9-3-4) was on par with the WTT. On the other hand, the GSH content was higher in control plants when compared to stressed both in case of WTT and transgenics. The GSH content depleted when treated with CdCl 2 . The depletion was more in WTT compared to transgenics (Fig. 7a) .
The level of lipid peroxidation was determined in terms of the TBARS, such as MDA. The responses of the MDA content to 125 µM CdCl 2 in leaves of transgenic lines (T 2 generation) overexpressing PCS are summarized in Fig. 7b . The level of MDA content did not differ substantially between the non-treated WTC and the transgenics. But, the MDA level was elevated in the WTT.
Analysis of Cd content in the plants under CdCl 2 stress
The Cd content was estimated in the roots of selected transgenic lines overexpressing AtPCS under CdCl 2 stress (50, 75 and 125 µM) and compared with their respective WTC and WTT (Fig. 7c) . The absolute control (WTC) did not show any accumulation of cadmium. Higher concentrations of CdCl 2 subsequently increased accumulation of Cd in both WT and transgenic plants. The efficiency to accumulate Cd due to the overexpression of PCS varied among the transgenic lines. Among the transgenics, accumulation of Cd was highest in the line 6-4-5 followed by 5-4-2 and 13-1-6 compared to 11-3-5 and 9-3-4. However, 9-3-4 was not as efficient and accumulated Cd on par with that of WTT.
Molecular analysis
Based on the biochemical analysis, it was evident that among the five T 2 generation transgenic lines 9-3-4 proved to be less efficient. Therefore four T 2 generation lines (5-4-2, 6-4-5, 11-3-5 and 13-1-6) were progressed for further molecular analysis.
PCR analysis
In order to confirm the stability of transgene inheritance, PCR was performed using primers for hpt II gene in representative four T 2 plants. Amplification of the 500 bp fragment of the hpt II gene (Fig. 7d ) in all the transgenic plants confirmed the stable inheritance and integration of the transgene.
Discussion
Phytoremediation relies on plants to extract, sequester and/or detoxify pollutants, and it is widely regarded as a less expensive, more effective and an environmentally friendly alternative to physical remediation methods, such as excavation and reburial (Salt et al. 1995; Meagher 2000) . Cadmium, which arises mainly from mining, electroplanting, smelting and other industrial activities, is one of the contaminating heavy metals in soil (Ike et al. 2007) . In order to overcome the Cd stress, plants must be able to resist the toxicity of these elements and they must be able to hyperaccumulate them above ground. Genetic engineering can enhance the natural abilities of plants to uptake, accumulate and detoxify toxicants by overexpressing the critical enzymes limiting these abilities (Cobbett & Meagher 2002) . The present study demonstrates phytoremediation by overexpressing PCS, the key enzyme in the synthesis of PC, the metal chelator. Transgenics were developed in rice following the tissue culture-independent in planta transformation protocol standardized in our laboratory (Manoj Kumar et al. 2009 ). The procedure involves in planta inoculation of the embryo axes and the germinating seedlings are allowed to grow ex vitro. This strategy has been used in our laboratory to develop transformants in recalcitrant species like pigeon pea , cotton and bell pepper (Manoj Kumar et al. 2009 ).
In the present study, the in planta transformation strategy has been extended to rice. Primary transformants were developed in rice genotype Azucena with a binary vector harbouring AtPCS gene and hpt II as the target and marker gene, respectively. Our earlier work (Saumya et al. 2009 ) dealing with screening of rice genotypes for hyperaccumulating Cd identified Azucena, a japonica rice as one such genotype. Therefore, in order to further improve the phytoremediation in Azucena, it was selected for transformation studies. The T-DNA is targeted to differentiated cells in this methodology and the resulting T 0 plants are chimeric. Therefore, this requires analysis of the plants to be carried out in the T 1 generation. The in planta transformation strategy results in the production of a large number of primary transformants. This necessitates a stringent screening methodology for the selection of putative transformants.
Screening for abiotic stress tolerance in the initial stages of evaluation plays a pivotal role in the identification of putative/high expressing transgenics (Awaji et al. 2010) . In the present study, we exploited the expression of the target gene PCS to select the putative transformants. To increase the stringency and select high expressing plants, screening at two levels, seedling and plant was standardized.
Screening of the T 1 generation plants with 125 µM CdCl 2 at seedling level resulted in the identification of putative transformants with root and shoot lengths 10% higher than that of WT. Similar preliminary stringent screening strategies have also been used for other abiotic stresses (Verslues et al. 2006; Awaji et al. 2010 ). In our study, 192 plants were selected after the preliminary screening under Cd stress. The putative transgenic nature of the selected plants was confirmed using a second level of screening at the plant level using the leaf disc bioassay. Leaf disc bioassay is another reliable tool for the screening of plants under specific stress (SinglaPareek et al. 2003 (SinglaPareek et al. , 2006 Verslues et al. 2006; Verma et al. 2007 ). The tolerant plants selected after screening at seedling level were subjected to leaf disc bioassay by using leaf bits from 60-day old plants. The selection of tolerant transgenics was subsequently based on the extent of chlorosis and chlorophyll estimation. Based on the leaf senescence bioassay, 61 tolerant plants were selected. However, repeated leaf senescence bioassay identified 18 consistently tolerant plants. Molecular characterization of the selected 18 plants by PCR analysis forhpt II primers confirmed the transgenic nature of the plants. Vir gene amplification in the binary vector and absence in the transgenic plants confirmed that the Agrobacterium was not persisting in the tissues. Further, genomic Southern analysis revealed the integration pattern of the T-DNA when hybridized with hpt II probe in four plants with consistent tolerance against Cd. The stability of the T-DNA in the T 2 generation was confirmed by subjecting the seedlings to Cd stress, biochemical and molecular analysis by PCR.
PCs are the major thiol-rich compounds induced in Cd-exposed plants (Grill et al. 1985; Steffens 1990) . To investigate the effect of PCS overexpression on the production of Cd-binding compounds, the level of total thiols (acid soluble non-protein sulfhydryl SH compounds) were determined in leaf samples collected from transgenic and WT plants. The total acid-soluble SH compounds comprises of GSH and PC. In the study of PC biosynthesis in Silene vulgaris (de Knecht et al. 1992) , the PC concentration was assessed by subtracting GSH from total acid-soluble non-protein SH. In the present study, SH compounds were high in stressed plants compared to the controls. Studies have shown that the SH concentration increased directly in proportion to the Cd concentrations (de Knecht et al. 1994) . Plants overexpressing PCS accumulated significantly higher levels of SH compounds than the WT. This may be attributed to increased level of PC content and glutathione. De Vos et al (1992) also noticed that the level of PC-SH in tolerant plants was significantly increased at 40 µM Cu in Silene cucubalus.
The reduced form of glutathione is one of the most important component of metabolism of non-protein thiols. GSH may play several roles in heavy metal tolerance and sequestration. It protects cells from oxidative stress damage, such as that caused by heavy metals in plants (Gallego et al. 1996; Weckx & Clijsters 1997) . GSH is the direct precursor of PCs. PCs are heavy metal-binding peptides involved in heavy metal tolerance and sequestration (Steffens 1990) . PCs were shown to be induced by heavy metals such as Cd in some of the plants tested (Zenk 1996) , including Indian mustard (Speiser et al. 1992) . The roles of GSH and PC synthesis in heavy metal tolerance were well illustrated in Cdsensitive mutants of Arabidopsis. We found that overexpression of PCS gene decreased the biosynthesis of GSH and increased the PCs content and thus in turn enhanced the Cd tolerance in rice. These evidences proved not only the transgenic nature of rice but also the efficacy of PCS gene. Hence, the overexpression ofPCS appeared to be a potential strategy for the production of rice plants with superior Cd-phytoremediation capacity. Similar results were observed by Zhu et al. (1999) in Indian mustard enhanced by overexpressing γ-glutamyl cysteine synthetase.
As an indicator of lipid peroxidation, the content in TBARS was measured. The increased accumulation of lipid peroxides is indicative of enhanced production of toxic oxygen species. To estimate oxidative stress, the MDA tissue content has widely been used as an indicator of lipid peroxidation and, thereby, of oxidative damage in heavy-metal-exposed plants. Our results showed an increase in the level of MDA when subjected to Cd stress in WT. The accumulation of MDA could be because of Cd, which in turn might be considered an oxidative stress-enhancing factor even though it is not a redox-active cation (Drazkiewicz et al. 2007 ). The MDA contents showed that both Cd and Cu induce an early increase in the amount of lipid peroxidation product (Chamseddine et al. 2009 ), whereas the transgenics stressed with Cd showed drastic decrease in MDA content indicating the efficacy of the introduced PCS gene in the transgenic plants.
Major proof for the efficiency of the AtPCS can be measured by the extent of Cd accumulation when subjected to CdCl 2 stress (Sriprang et al., 2003; Li et al. 2004; Ike et al. 2007; Cai et al., 2010) . There was a clear cut demonstration in our study that the selected transgenics could accumulate increased levels of Cd upon subjecting to three different levels of CdCl 2 stress (50, 75 and 125 µM). The estimation of Cd content therefore could easily differentiate between the selected transgenic plants with respect to the AtPCS expression vis a vis accumulation of Cd. Nevertheless, the levels of Cd accumulating in the root tissue were not comparable with other studies (Guo et al. 2010 ). This could be due to the 3-day exposure of the plants to CdCl 2 stress when compared to 15-day exposure in other studies. Therefore, the expectation would be that there is not enough Cd accumulation in shoots by the end of 3 days. This was the reason for the measurements not to be done in the shoot in the present study for Cd accumulation. The study therefore demonstrated apparent corroboration between Cd content, PC content, reduced GSH content, SH compounds and lipid peroxidation. These unequivocally prove not only the stability of the transgenics but also the efficiency of AtPCS.
The study presents a possible strategy for ameliorating Cd stress in rice plants by sequestering Cd so that the grains are free of Cd.
